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Aims To isolate and characterize dental pulp stem cells (DPSCs) obtained from carious and healthy mature teeth extracted when conservative treatment was not possible or for orthodontic reasons; to evaluate the ability of DPSCs to colonize, proliferate and differentiate into functional odontoblast-like cells when cultured onto a polycaprolactone cone made by jet-spraying and prototyped into a design similar to a gutta-percha cone. Methodology DPSCs were obtained from nine carious and 12 healthy mature teeth. Then cells were characterized by flow cytometry and submitted to multidifferentiation to confirm their multipotency. These DPSCs were then cultured on a polycaprolactone cone in an odontoblastic differentiation medium. Cell proliferation, colonization of the biomaterial and functional differentiation of cells were histologically assessed. For the characterization, a t-Student test was used to compare the two groups. Results In all cell cultures, characterization highlighted a mesenchymal stem cell phenotype (CD105+, CD90+, CD73+, CD11bÀ, CD34À, CD45À, HLA-DRÀ). No significant differences were found between cultures obtained from carious and healthy mature teeth. DPSCs from both origins were able to differentiate into osteocytes, adipocytes and chondrocytes. Cell colonization was observed both on the surface and in the thickness of polycaprolactone cones as well as a mineralized pericellular matrix deposit composed of type I collagen, alkaline phosphatase, osteocalcin and dentin sialophosphoprotein.
Introduction
Dental pulp stem cells (DPSCs; Gronthos et al. 2000) are easily accessible from healthy teeth, proliferate at a fast rate and are able to differentiate in vitro or in vivo into functional odontoblasts (Wang et al. 2010a,b) . These features make them an ideal autologous source of mesenchymal stem cells (MSCs) for dental tissue engineering. MSCs have more recently been identified in diseased dental tissues: inflamed dental pulps, inflamed periodontal ligament and the pulp of teeth affected by aggressive periodontitis (Alongi et al. 2010 , Wang et al. 2010a ,b, Liao et al. 2011 , Park et al. 2011 , Doki c et al. 2012 , Pereira et al. 2012 , Sun et al. 2014 . Results of studies are conflicting regarding the main characteristics of MSCs from diseased dental tissues and those from healthy dental tissues. According to some reports, inflammation would affect their ability to proliferate, their differentiation potential and their self-renewal properties (Alongi et al. 2010 , Liao et al. 2011 , Park et al. 2011 , Doki c et al. 2012 , Sun et al. 2014 . Others believe that the inflammatory process has no effect on these properties (Wang et al. 2010a ,b, Pereira et al. 2012 . However, Ma et al. (2012) reported that DPSCs retrieved from mature carious teeth had increased proliferative capacity. Indeed, when the dental pulp is infected, the usual treatment consists of the (total or partial) removal of the pulp tissue, which is replaced with an inert filling material (gutta-percha and sealer). Since the discovery of dental MSCs, various teams have attempted to restore pulp functionality by replacing the inert filling material used in the canal system with various scaffolds seeded with these cells.
The type of biomaterials used and the manufacturing methods employed play a fundamental role in the outcomes, the main goal being the creation of a favourable environment for cellular colonization, proliferation and differentiation. Amongst the many biomaterials cited, polycaprolactone (PCL) is a synthetic biodegradable polymer that is commonly used (Sharma et al. 2014) . Williams et al. (2005) used a PCL scaffold designed by selective laser sintering (SLS). Yang et al. (2010) cultured DPSCs in a PCL scaffold obtained by electrospinning. More recently, Brennan et al. (2015) demonstrated the superiority of a PCL scaffold made by jet-spraying, as opposed to a PCL scaffold made by electrospinning, with regard to microstructuration, and its ability to promote proliferation and differentiation of bone marrow mesenchymal stem cells into osteocytes. The scaffolds produced by jet-spraying had pores of larger diameter, greater porosity and heterogeneous-sized fibres of smaller diameters.
The first objective of this study was to isolate and characterize DPSCs obtained from carious and healthy mature teeth extracted when conservative treatment was not possible or for orthodontic reasons. The second goal was to evaluate the ability of DPSCs to colonize, proliferate and differentiate into functional odontoblast-like cells when cultured onto a PCL cone made by jet-spraying and prototyped into a design similar to that used during existing root filling procedures (such as a gutta-percha cone).
Materials and methods

Collection of pulp tissue
In the context of a clinical study approved by the Ethics Committee of the University Hospital of Besanc ßon, France (under the number 14/19), 21 teeth (19 wisdom teeth and 2 second molars) were obtained from patients who provided informed consent. Nine carious mature teeth were extracted, when conservative treatment was not possible (teeth had an episode of reversible pulpitis and pulp vitality was preserved), from six patients (five men aged between 20 and 40 years and one woman aged 40 years). Twelve healthy mature teeth were extracted for orthodontic reasons from seven patients (five men aged 21-33 years and two women aged 17 and 18 years). Teeth were considered mature when root development was complete. All of the extractions were conducted in the department following the recommendations of a dental surgeon or a stomatologist, after thorough clinical and radiological examination. Figure 1 shows characteristic examples of teeth (carious and healthy mature teeth) used for the following experiments.
Isolation and culture of DPSCs
Each tooth was cut longitudinally with a Zekrya bur (Dentsply Sirona, Ballaigues, Switzerland) mounted on a high-speed dental handpiece under continuous irrigation (Micromega, Besanc ßon, France). The pulp was then extracted, chopped using a N°15 scalpel and placed in a tube containing 5 mL of sterile complete medium (a-minimum essential medium; Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% foetal bovine serum (FBS; Pan-Biotech GmbH, Aidenbach, Germany), 1 ng mL 
Phenotypic characterization by flow cytometry
The cell lines of each DPSCs (n = 21) was retrieved by trypsination, adjusted to 5 9 10 5 per tube, washed with 1 mL of PBS supplemented with 0.5% FBS and then centrifuged for 5 min at 2009 g at 10°C. After eliminating the supernatant, 5 lL of each antibody was added, and the tubes were agitated and incubated for 20 min in the dark at 4°C. Cells were then washed with 2 mL of PBS, re-centrifuged, placed in 0. 
In vitro multidifferentiation
For the following differentiation tests, DPSCs extracted from the 21 teeth were tested separately.
Adipocyte differentiation A total of 5 9 10 4 cells were seeded into 24-well plates in 1 mL of adipocyte differentiation medium (StemPro â Adipogenesis Differentiation Kit; Invitrogen, Carlsbad, CA, USA) per well. Controls were cultured in 1 mL of complete medium. Culture plates were placed in an incubator at 37°C in an environment with 5% CO 2 and 90% humidity. Medium was renewed twice a week. After 3 weeks of culture in adipocyte differentiation medium, lipid vesicle formation was checked according to the following protocol: culture supernatants were removed, and cells were Figure 1 Orthopantomogram detail of carious mature teeth (a) and impacted healthy mature teeth (b). Both teeth, which required an extraction, are shown with red arrows.
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washed with 1 mL of PBS, then fixed with 200 lL of formaldehyde 2% for 15 min at 37°C, washed two times with PBS, stained with 300 lL Nile red at 1 lg mL À1 for 30 min at 4°C in the dark, washed two times with PBS and observed under inverted fluorescent light microscope at 580 nm (IX 50; Olympus, Tokyo, Japan).
Osteocyte differentiation A total of 5 9 10 4 cells were seeded into 24-well plates in 1 mL of osteocyte differentiation medium per well (StemPro â Osteogenesis Differentiation Kit, Invitrogen). Controls were cultured in 1 mL of complete medium. The culture plates were placed in an incubator at 37°C in an environment with 5% CO 2 and 90% humidity. Medium was renewed twice a week. After 3 weeks of culture in osteocyte medium, culture mineralization was assessed according to the following protocol: culture supernatants were removed, cells were washed with 1 mL of PBS, then fixed with 200 lL of formaldehyde 2% for 15 min at 37°C and washed two times with PBS, and then cells were stained with 300 lL of alizarin red at 2% for 30 min at 37°C or 200 lL of silver nitrate 5% for 30 min at 37°C in the dark, washed three times with distilled water and observed under inverted light microscope (IX 50; Olympus).
Chondrocyte differentiation
The pellet culture technique was used. A total of 3 9 10 5 cells were seeded in a 15-mL tube (Sarstedt, Marnay, France) containing 1 mL chondrocyte medium (StemPro â Chondrogenesis Differentiation Kit; Invitrogen). Tubes were centrifuged for 5 min at 2009 g and then directly placed inside the incubator at 37°C in an environment with 5% CO 2 and 90% humidity. The same protocol used for the control cultures, but complete medium was used. After 1 week, pellets were transferred into a 24-well culture plate. Medium was renewed twice a week. After 3 weeks, proteoglycan presence in the pellets was assessed according to the following protocol: medium was removed, pellets were washed with PBS, and cells were fixed with 200 lL formaldehyde 2% for 60 min at 37°C. Then, pellets were washed twice with distilled water, stained with alcian blue (60 mL ethanol, 40 mL acetic acid, 10 mg alcian blue 8GX) for 12 h in the dark at room temperature, washed three time with the bleaching solution (120 mL ethanol, 80 mL acetic acid) and observed with a binocular magnifier (SZX9; Olympus).
Culture of DPSCs on PCL cone
The PCL cones (Fig. 2) were purchased from Biomedical Tissues â (Nantes, France). The cones were constructed by jet-spraying, as described previously (Brennan et al. 2015) . The PCL cones were produced in the usual dimensions of a HEROfill verifier â warm Gutta endodontic obturation device (MicroMega, Besanc ßon, France), namely a 25-mm-long hollow scaffold on a plastic support, with a 300 lm tip diameter and a taper ratio of 4%.
DPSCs from 21 teeth were tested separately. A total of 2 9 10 6 cells in 2.5 mL complete medium were seeded in a 15-mL tube (Sarstedt, Marnay, France) containing a PCL cone with its tip facing downwards. Cell culture was first performed with gentle agitation and slight shaking of the tube every 8 h for 2 days. The medium was renewed twice a week, and the complete medium was replaced by an odontoblast differentiation medium (a-MEM supplemented with 10% FBS, 100 units mL À1 penicillin G, 100 mg mL À1 streptomycin, 50 lg mL À1 ascorbic acid, 1 mg mL À1 b-glycerophosphate and 4 ng mL À1 dexamethasone (all Sigma-Aldrich, Saint Louis, MO, USA) after 3 weeks of culture. For controls, cones were cellularized in the same way (with DPSCs from two healthy mature teeth and two carious mature teeth) but using only complete medium instead of replacing it by the differentiation medium after 3 weeks of culture. The total culture duration was 6 weeks.
Histological analysis of DPSC cultures on PCL cones
After 6 weeks of culture, the cellularized cones were removed from the culture medium, rinsed twice with • Alizarin red: slides were washed with distilled water (2 min), immersed in a solution of 2% alizarin red for 3 min and then rinsed in a bath of distilled water for 2 min. Sections were dehydrated (three alcohol and three xylene baths) and mounted in resin (Canada balm) between glass slides.
• Ki67, osteocalcin, dentin sialophosphoprotein, alkaline phosphatase and type I collagen (Table 1) : sections were permeabilized for 3 min in a bath of PBS supplemented with 0.3% triton and then incubated separately with each listed antibody (2 h in a dark humid chamber at room temperature). Three washes in PBS supplemented with 0.3% triton were carried out before incubation with secondary antibodies (2 h in a dark humid chamber at room temperature). After three washes with PBS supplemented with 0.3% triton, the sections were mounted between glass slides in a 60% glycerol solution and 40% PBS supplemented with 0.3% triton. Slides were observed using a fluorescent light (BX51, Olympus, Tokyo, Japan) and a confocal microscope equipped with Fluoview 4.2 software (Olympus, Tokyo, Japan).
Statistical analysis
All pulp samples (n = 21) were taken into account. For the groups of carious and healthy teeth (carious mature teeth, n = 9; healthy mature teeth, n = 12), the average and standard deviation were calculated for the results of phenotypic characterization by flow cytometry. A t-Student test was used to compare the two groups. Prism 5 software was used (GraphPad Software, San Diego, CA, USA).
Results
Cell isolation and culture
DPSCs were successfully isolated from the pulp of the 21 extracted teeth (nine carious mature teeth and 12 healthy mature teeth). After seeding, cells had a cuboid or stellar heterogeneous morphology and the ability to form colonies of various sizes. After two passages, a final fibroblastic or fusiform morphology was acquired (Fig. 3) . The DPSCs had good proliferation and confluence potential. Figure 3 DPSCs (3rd passage) observed under light microscope. Bar = 100 lm.
Phenotypic characterization of DPSCs by flow cytometry
All samples tested (n = 21) were positive for CD73, CD90, CD105 markers and negative for CD11b, CD34, CD45 and HLA-DR markers. There was no significant difference between the carious mature teeth and healthy mature teeth groups in terms of expression of the tested markers (Fig. 4) . (Fig. 5 ).
Multidifferentiation potential of DPSCs
Histological analysis of DPSCs cultured on PCL cones
Overall 25 PCL cones were cultivated and analysed: 21 cones were cultivated first in complete medium and subsequently in odontoblast differentiation medium (nine cones with DPSCs from the carious mature teeth group and 12 cones with DPSCs from the healthy mature teeth group), whilst four control cones were cultured in complete medium (two cones with DPSCs from the carious mature teeth group and two cones with DPSCs from healthy mature teeth group). All cones (n = 25) were colonized with an average maximum thickness of 1 mm with a decreasing density gradient between the surface and deeper layer (Fig. 6) . The observation of cell nuclei at high magnification ( Fig. 7) did not show morphological disruption of nuclei, such as fragmentation. DAPI staining provided evidence that the cells were alive after 6 weeks of culture (Fig. 7) . In addition, the cell proliferation status was assessed by Ki-67 immunostaining (Fig. 8) . A large number of cells were Ki-67 positive both at the surface and in deeper layer in all evaluated cones (n = 25). Mineralization was highlighted by alizarin red staining on all cones cultivated in odontoblastic medium (n = 21). Control cones, cultured in complete medium (n = 4), had no histological signs of mineralization (Fig. 9) . On all cones cultivated in odontoblastic medium, immunostaining revealed an abundant extracellular matrix (ECM), demonstrated by the presence of type I collagen, alkaline phosphatase, osteocalcin and DSPP. Immunostaining of control cones revealed only the presence of type I collagen (Fig. 10) .
Discussion
The first objective of this study was to isolate and characterize DPSCs from carious mature teeth and healthy mature wisdom teeth. The results confirmed that DPSCs could be isolated from both carious and healthy mature teeth. In both cases, no differences were found between cell sources in terms of either mesenchymal stem cell phenotype (Dominici et al. 2006) or multidifferentiation potential.
The second goal was to evaluate the behaviour of DPSCs cultured onto a PCL cone obtained by jetspraying and designed as a traditional root filling systems. The study revealed that DPSCs were able to colonize and proliferate within a three-dimensional PCL scaffold. Moreover, DPSCs grown on this scaffold could differentiate into odontoblast-like cells able to secrete mineralized dentine-like matrix.
In France, endodontic treatments are common, with more than 7.5 million procedures reported per year (Caisse nationale d'assurance maladie 2003). Unfortunately, the treatment has an average failure rate of 10% (Haute autorit e de sant e 2008). Bacterial persistence after root filling can lead to the development of chronic periapical infections leading to pain, acute flare-up requiring root canal re-treatment or extraction of the tooth. Thus, research and development of new and innovative treatments is required. In this way, regenerative endodontics is one of the possible alternatives by restoring a functional pulpodentinal complex from stem cells and biomaterials. This approach requires access to stem cells, ideally autologous, and the use of a scaffold in order to guide cell colonization and facilitate the organization of supporting tissues.
Two options are theoretically possible: the use of a seeded scaffold and so-called cell homing. Using a seeded scaffold requires a prior ex vivo step that consists of seeding differentiated or stem cells onto the scaffold, whereas the latter option requires in situ recruitment of the cells necessary for scaffold colonization. From a regulatory perspective, the first option collides with current regulations with regard to innovative cell therapy, whereas the second one, based on the body's ability to heal spontaneously, could be transferred to the clinic in a shorter period of time. For both options, scaffold functionalization with growth factors or molecules promoting cellular chemotaxis is possible.
The study confirmed that all teeth, including carious teeth doomed to extraction, were sources of DPSCs. Cells were easily extracted and cultured from either carious mature teeth or healthy mature teeth with the same protocol (extraction, culture and differentiation). These results are in accordance with those described in other studies on permanent as well as primary teeth (Alongi et al. 2010 , Wang et al. 2010a , b, Pereira et al. 2012 , Yu et al. 2014 , Werle et al. 2016 .
In the present study, the success rate of DPSC isolation and culture was 100%, whether the teeth were healthy or carious without culture contamination. These results are better than those reported by other teams. Indeed, Pereira et al. (2012) reported a DPSC isolation success rate of 70% in pulp inflamed tissue extracted from teeth, and 50% in pulps obtained by pulpectomy from these same teeth. Werle et al. (2016) reported a successful DPSC isolation rate of 70% for carious primary teeth and 100% for healthy primary teeth. These authors did not find any contamination of culture. The absence of contamination in the present study and the high DPSC isolation rate can be explained by the use of two antibiotics and an antifungal agent in the culture medium; by the use of molar teeth only, the pulp volume being greater in molar teeth than in other types of teeth (Fanibunda 1986 ) and lastly by the fact that the pulp was retrieved from extracted teeth.
Because there are no specific markers for DPSCs, they must be positive for MSC markers and negative for hematopoietic stem cells markers (Dominici et al. 2006) in order to be considered as DPSCs. Results obtained by flow cytometry showed that DPSCs retrieved from the 21 pulps had the same phenotype as MSCs. No significant difference was observed between the two groups (carious and healthy mature teeth), according to the level of expression of the different markers. These results are in agreement with other reports (Pereira et al. 2012 , Werle et al. 2016 .
The potential for tridifferentiation (adipogenicity, osteogenicity and chondrogenicity) is another defining feature of multipotent MSCs (Dominici et al. 2006) . The DPSCs extracted from the 21 pulps used in this study met this defining criterion, since they successfully differentiated in vitro into osteocytes, adipocytes and chondrocytes under the experimental conditions. Accordingly, the DPSCs from the carious mature teeth group retained their multipotentiality just like the DPSCs from the healthy mature teeth group.
In tissue engineering, the goal of a scaffold is to mimic as far as possible the features of the extracellular matrix of the tissue to be rebuilt, therefore allowing colonization, proliferation and functional differentiation of cells within the scaffold. Sharma et al. (2014) described the general requirements of a scaffold for pulpodentinal engineering: ease of handling, adequate porosity, biodegradability, good physical and mechanical resistance, low immunogenicity and the ability to host vascularization. The internal structure of the scaffold must be adapted to tissue engineering by varying the shape or size of its pores, the foam or fibrillar structure of the biomaterial used, allowing, in addition to cell hosting and vascularization, the penetration of nutrients and growth factors inside the scaffold, and the evacuation of cellular waste. The speed of degradation should match that of neo-tissue formation. The products of degradation must not be toxic.
Here, seeding colonization of PCL cone was carried out under passive culture conditions without optimization techniques such as bioreactor or vacuum. Cells adhered to the whole scaffold surface and migrated into the material to a depth of 1 mm as a result of migration mechanisms (Williams et al. 2013) . Thus, the study also shows that DPSCs still proliferate during scaffold invasion, as proven by Ki67 staining. However, the colonization was not homogeneous. A decreasing density gradient between the surface and depth was observed on all cones. This can be explained by several assumptions. At the cellular level, a passive culture mode was applied and cells primarily adhered to the surface before migration and proliferation. At the scaffold level, an incomplete manufacturing process has possibly led to impaired porosity and microarchitectural variations, as observed microscopically with different cone batches and sometimes within the same cone.
In relation to odontoblastic differentiation, the secretion of dentine matrix by cells grown in the PCL scaffolds was demonstrated histomorphologically by immunolabelling and alizarin red staining, since it shows the interactions between the cell, the ECM proteins and the scaffold's architecture. In the literature, matrix proteins usually investigated are type I collagen and DSPP, the most abundant and most specific proteins of the dentine matrix, respectively. It is also essential to highlight mineralization within the matrix (Liu et al. 2012) . In the present study, immunostaining and histomorphological analysis using a confocal microscope showed that the matrix secreted by the differentiated cells in the biomaterial was similar to the dentine matrix (presence of mineralized tissue as well as the presence of type I collagen, DSPP, osteocalcin and alkaline phosphatase). In addition, this dentine-like matrix infiltrate into the mesh of the scaffold and its density seems to be proportional to cell density. Even if these analyses prove that a dentinelike matrix was synthesized (Buchaille et al. 2000 , Liu et al. 2012 , Ferroni et al. 2015 , this work will be further completed by a quantitative investigation on the culture substrate, namely by Western blot and RT-PCR (Buchaille et al. 2000) .
In the field of odontoblastic differentiation, medium composition can vary from one study to another. The most frequently used additional molecules are ascorbic acid, dexamethasone and b-glycerophosphate (Riccio et al. 2010) . The medium used in the present investigation also contained these three molecules. Buchaille et al. (2000) have demonstrated that the addition of b-glycerophosphate to the culture medium made it possible to obtain cells with the morphological and functional characteristics of odontoblasts from DPSCs. They observed polarization of the cell that showed cytoplasmic elongations and complex junctions similar to those binding the odontoblasts in vivo. In addition, these cells had the capacity to deposit an abundant matrix enriched in type I collagen, and they observed mineralization ranges within the matrix. The study of gene expression by RT-PCR revealed that the polarized odontoblasts expressed the a1 chain of collagen and that odontoblasts from the mineralization zone expressed the DSPP. More recently, Liu et al. (2012) focused on the effects of the modulation of the concentration of b-glycerophosphate in the odontoblastic differentiation culture Figure 10 Functional differentiation assessment by immunostaining of PCL cones colonized by DPSCs cultured in odontoblastic medium and complete medium (control). Blue: nuclei stained with DAPI, Green: immunostaining (Coll I, type I collagen; ALP, alkaline phosphatase; OC, osteocalcin; DSPP, dentin sialophosphoprotein). IM, immunostaining. The red square on the blue cone shows the analysed area. Bar = 200 lm. medium, and concluded that a low concentration (5 mmol L
À1
) was optimal for the differentiation of DPSCs into functional odontoblasts.
Conclusion
DPSCs retrieved from carious teeth were isolated and cultured in a similar manner to DPSCs from healthy mature teeth. They had the same phenotype as mesenchymal stem cells and maintained their in vitro multipotentiality. PCL scaffolds made by jet-spraying have potential as a three-dimensional culture support for pulpodental tissue engineering. DPSCs grown in these scaffolds had the ability to proliferate and differentiate into functional odontoblast-like cells secreting ECM similar to mineralized dentine matrix. The original design of the scaffold, which reproduced a prepared root canal, is an asset for potential clinical use. The study of the behaviour of this biomaterial in animals will be necessary, in particular its ability to host vascularization, which is an overriding criterion for the passage to in vivo testing. Functionalization of the biomaterial will also be investigated in order to improve cell recruitment, migration and differentiation, in particular in a cellhoming approach.
